We propose and demonstrate a 100Gb/s Ethernet transmitter comprising commercially available 40Gb/s components, which uses the serial-dark-return-to-zero (SDRZ) signal format. Simulations show SDRZ is a good overall choice for typical network impairments.
1. Introduction 100Gb/s Ethernet (100GbE) is currently a topic of active research. Recent demonstrations rely on high speed electronic multiplexing [1] . Here, we propose and demonstrate experimentally a novel 100GbE transmitter that based on serial cascade of two stages of dark-return-to-zero (SDRZ) modulation. The transmitter uses commercially available components optimised for 40Gb/s. We also compare theoretically SDRZ with other direct detection modulation formats, such as amplitude-modulation-phase-shift-keying (AM-PSK) (also known as duobinary [2] ), NRZ and RZ formats, under conditions of typical WAN impairments, showing that SDRZ is a good overall choice. DQPSK is also a potential candidate for 100GbE, but preliminary experimental results suggest it may not be as tolerant to residual chromatic dispersion as the SDRZ [3] .
Experiment
The 100GbE system is shown in Fig. 1 . The output power of a CW laser (18 dBm) at 1552.8 nm was launched into a single-drive balanced 33 GHz Mach Zehnder modulator (MZM 1 ) with Vπ of 4.5 V. A 50 Gb/s PRBS 2 7 -1 NRZ was applied to MZM 1 via a 42 GHz electrical amplifier with ~ 5 Vpp output. MZM 1 was biased at a minimum and the NRZ drive voltage switched the modulator towards the two adjacent maxima. At a transition in the NRZ signal, a dark optical pulse with opposite phases between adjacent maxima is produced [4] (i.e. similar to DPSK generation but with the data encoded onto the intensity instead of phase). The NRZ signal should be differentially pre-coded with the original data. The duty cycle of the dark-return-to-zero (DRZ) (40 %) depends on the NRZ rise time and the modulator bandwidth. A second 50 Gb/s electrical signal (derived in this experiment by time-delaying the complementary signal) was modulated by MZM 2 onto the residual CW background from MZM 1 , so generating a 100 Gb/s signal. An optical delay between MZM 1 and MZM 2 ensured the patterns were decorrelated. At the receiver (Rx), following an optical preamplifier, a 1:2 OTDM demultiplexer converted the 100 Gb/s signal down to 50 Gb/s using MZM 3 . The demultiplexed signal was amplified by an EDFA, filtered by a standard flat-top 100-GHz AWG with a 80GHz bandwidth, and then coupled into a 45GHz PIN for bit-error rate (BER) measurements.
Results and Discussion
The experimental results were confirmed by simulation using VPI. Fig. 2 Fig. 3(a) shows the experimental eye after demux and AWG filtering. Fig. 3(b) and (c) show the simulated eye after demultiplexing with MZM 3 , without and with AWG filtering respectively. MZM 3 was optimally overdriven (1.2 Vπ) at 50 GHz to increase the rise time of switching window and thus improve the channel selectivity. However due to the excess voltage, high frequency (100 GHz) spikes were generated [ Fig. 3(b) ]. These spikes (high frequency components) were subsequently removed by the flat-top AWG, thus restoring the extinction ratio and minimising the net crosstalk [ Fig. 3(c) ]. 5.4 dB power penalty between the 50 Gb/s NRZ and the 50 Gb/s single channel DRZ (using only one MZM in the transmitter) was observed (Fig. 3) , due to the excess signal-spontaneous beat noise contributed by the CW component in the dark signal. A Rx sensitivity improvement of 3.4 dB was obtained when the 50 Gb/s DRZ was gated by the demux to eliminate much of this excess beat noise. When using MZM 2 to code data onto the CW background and produce 100GbE, an additional 3.9 dB power penalty was introduced. We attribute the total 5.9 dB decrease in sensitivity of the 100GbE with respect to the 50 Gb/s NRZ baseline as being due to the imperfections in the low power drive amplifier at the transmitter; a 2.9 dB penalty arises from noise in the mark level of the two tributary channels, and a further 3 dB is due to the increased bitrate. It is anticipated the 2.9 dB excess penalty will be reduced using drive amplifiers with full 2 Vπ amplitude.
Simulations were performed to compare SDRZ (MZMs driven at 2 Vπ) with AM-PSK, NRZ and RZ formats at 100 Gb/s, using a De Bruijn bit sequence (DBBS) of 2 7 . AM-PSK was produced by low-pass filtering a 100 Gb/s electrical NRZ signal with a 25 GHz fourth-order Bessel filter [2] , with the MZM electrically driven at 2 Vπ and biased at the transmission minimum. The NRZ (rise-time of 2.5 ps) and RZ (Gaussian, duty-cycle 33 %) signals were generated using 100 GHz modulators. They were evaluated in terms of eye-opening penalty (EOP) in all cases. The peak optical output power for each modulation format was 0 dBm. Each signal was launched into 80 km SMF (16 ps/nm/km) and 12.8 km DCF (-100 ps/nm/km). The EOP resulting from residual chromatic dispersion (set by an additional fiber) is shown in Fig. 4(a) . SDRZ and AM-PSK show strong dispersion tolerance, with a 2-dB dispersion window of ~100 ps/nm. The strong dispersion tolerance of the SDRZ is due to each dark pulse being surrounded by two optical maxima with opposite phases. With non-zero residual dispersion, destructive interference between these optical maxima maintains the eye opening. Fig. 4(b) shows that SDRZ is less influenced by polarization-modedispersion (PMD) generated differential group delay (DGD) in the worse case. Fig. 4(c) shows the SDRZ has an EOP of ~2 dB when filtered by a 50 GHz 3 rd order Gaussian optical filter comparing favorable with NRZ and RZ formats. When the SDRZ is filtered, the leading and trailing edges (with opposite phases) of each dark pulse become less steep and destructive interference maintains the eye opening. Fig. 5 shows the optical spectra. The optical spectrum of the SDRZ (20-dB width of only 110 GHz) agrees with simulation result.
Conclusion
We proposed and demonstrated a novel SDRZ 100GbE transmitter, constructed from available components developed for 40 Gb/s systems. It has a compact spectrum. Further improvements are anticipated by increasing the drive amplitude. Simulations show that SDRZ compares very favorably with other 100 Gb/s formats, such as NRZ, RZ and AM-PSK, because unlike these other formats, SDRZ provides very effective tolerance to both residual chromatic dispersion and PMD simultaneously. 
